In vitro rates of net methane production and sulfate reduction were
We present here the first comprehensive study of the spatial and temporal distribution of methane production rates during early diagenesis in anoxic marine sediments. In combination with simultaneous measurements of sulfate reduction rate and previous measurements of sediment-water flux at the same site, it permits tests of hypotheses concerning the influence of sulfate reducers on the depth distribution of methane production in organic-rich sediments.
Sulfate reduction and methane production are the terminal processes of organic carbon remineralization in anoxic marine sediments (Zehnder 1978) . They generally occur where there is a high input of labile organic materials and a consequent rapid depletion of dissolved oxygen as well as other inorganic hydrogen acceptors near the sediment-water interface. The depth distribution of the various modes of respiration in marine sediments, termed an "ecological succession" by Claypool and Kaplan (1974) , can be predicted by the thermodynamic efficiencies of the anaerobic microorganisms, assuming a similar initial substrate. The organism or symbiotic group of organisms capable of obtaining the most energy from existing substrates and hydrogen (electron) acceptors should dominate. In organic-rich marine environments, sulfate reduction becomes the principal mode of respiration very near the oxic-anoxic interface after the exhaustion of dissolved 02, nitrate, and other oxidants including manganese and iron oxides; methane does not begin to accumulate in the interstitial water until the deeper layers of the sediments where dissolved sulfate becomes depleted (Claypool and Kaplan 1974; Martens and Berner 1974) . Cape Lookout Bight is no exception to these general observations (Martens and Klump 1980) . However, rather than just a thermodynamically derived efficiency it is the particular interplay of several factors such as temperature, labile organic matter concentration, sedimentation rate, competition for substrate, interspecies substrate transfer, and oxidative processes that result in the biogeochemical zonation at a given site. Recent in vitro studies of microbially mediated processes such as sulfate reduction, methane oxidation, volatile fatty acid cycling, and the interaction of sulfate reduction and methane production are beginning to make it possible to quantify the various dynamic controls on the zonation of anoxic organicrich marine sediments. We continue in this direction by presenting rate measurements determined through changes in the concentrations of dissolved methane and 1117 sulfate during in vitro incubations of anoxic marine sediments taken from Cape Lookout Bight, North Carolina. We thank the members of CH,AO,S for help with field and laboratory work, especially G. Kipphut, J. V. Klump, F. Sansone, and J. Chanton. We also thank J. Murray, K. Kuivila, and B. B. Jorgensen for their reviews. The Unlike freshwater lakes or pelagic environments where organic carbon input to the sediments may be controlled largely by productivity in the overlying water column, Cape Lookout Bight is dominated by horizontal input processes (Chanton et al. 1983 ).
The present sediment accumulation rate at the interior station in the bight where our study was conducted is between 8.4 and 11.6 cm'yrP1 (Chanton 1979) . The resulting input and rapid utilization of labile organic matter is greater than the rate at which oxygen can diffuse into the sediment; therefore, heterotrophic organisms rapidly deplete 0, at or very near the sediment-water interface. Anoxic conditions are maintained at or within 5 cm of this interface throughout the year (Bartlett 1981) . Remineralization of the organic carbon continues at depth in the sediments, primarily in association with sulfate reduction and methanogenesis (Martens and Klump 1980) .
A seasonality of microbial activities in the sediments is induced primarily by temperature variation. The temperature of the sediments oscillates annually between 5" and 27°C; rapid equilibration with the overlying water maintains a reasonably uniform temperature distribution to at least 30-cm depth in the sediments (Klump 1980) . F rom late May to early November, methane is produced in quantities that permit bubble supersaturation and ebullition from the sediments when the hydrostatic pressure of the overlying water column is released by a low tide (Martens and Klump 1980 The sediment-filled tubes were placed on ice, transferred to Chapel Hill the same day they were packed, and there held in an incubator at a constant temperature in the dark to equilibrate for 24 h before the day 1 samples were run.
Sample tubes were removed from the covered water bath and centrifuged at 8,500 rpm for 10 min in a Sorvall S-3 highspeed centrifuge; this yielded lo-15 ml of porewater overlying a reasonably tight sediment pellet. The amount of porewater sampled was determined by weighing the centrifuge tubes on a top-loading balance before and after the sample was removed.
The tubes were placed directly in line with the carrier gas flow of a Carle AGC 311 gas chromatograph by piercing the butyl rubber septum with 2I-gauge cannulae connected to the gas flow path with 3-mm-o.d. polypropylene tubing, By use of a series of six-port rotary valves to alter the gas flow, an aliquot of porewater (usually 7-8 ml) was transferred anaerobically to the stripping tube with the helium carrier gas flow and the tubing and valving shown in Fig. 1 . The method was a modification of that described by Weiss and Craig (1973) .
Methane in the carrier gas was delayed by a 0.5-m silica gel drying column in series with a 2-m Molecular Sieve 5a column before being detected by flame ionization. Peak areas were quantified by a Perkin-Elmer Sigma 10 data system. Methane gas standards were run after the last porewater sample on a given day. Grade 2 (99%) methane was blown into a standard loop of known volume (0.1833 ml) and injected into the gas chromatograph using a rotary six-port valve after a short pause (3 s) so that the pressure in the standard loop could equilibrate with atmospheric pressure. The gas was carried through the last porewater sample left bubbling in the stripping tube so that the shape of the standard peak more closely resembled that of the sample peaks. The temperature was noted so that the amount of standard gas injected could be calculated.
The liquid sample in the stripping tube was recovered by a backflush configuration of the valving.
Recovered, backflushed samples were acidified with three drops of concentrated HCl, refrigerated, and then later analyzed for sulfate concentration.
Sulfate reduction rate measurementSulfate reduction rates were measured by following the disappearance of dissolved sulfate in the porewater of the sediment in the centrifuge tubes. Dissolved sulfate was determined gravimetrically as BaSO, filtered onto tared 0.4~pm Nuclepore filters in samples processed before June 1981, After that date, sulfate concentrations were determined by ion chromatography (Dionex, model 10). To minimize interference by high Cl-concentrations, we diluted porewater samples 1:lO with the standard eluent before injecting a known volume onto a series of anion precolumn, fast-run anion, and anion suppressor columns all supplied by the Dionex Corporation (Sunnyvale, Calif .). To reduce sample manipulation, we made no attempt to remove Cl-with ion exchange resins, The anions were eluted with a standard eluent to allow anaerobic stripping of sediment porewater by the carrier gas of a gas chromatograph. of 3.0 mM NaHCO,, 2.4 mM Na,CO, prepared in distilled, deionized water (conductance < 5 pmho) at a flow rate of 3.0 ml-min-I. Anion peaks were detected by a conductivity cell, electronically integrated by a Hewlett-Packard 3390A recorder, and quantified on a given day by sulfate standards that were 0.6 M in KCl. At the above flow rate, sulfate required about 6.5 min to elute from the columns.
Sulfate reduction rates were measured chemically rather than with radiotracers for two reasons. The first is that sulfate disappearance was measured in the same tubes that were used to measure methane production and is therefore more directly comparable.
This relates to the second reason in that because of the long incubation times a separate steady state is reached in the incubation tubes so that a direct chemical measurement of the sulfate over the length of the incubation gives essentially an average rate of sulfate reduction.
The tube incubation method, which uses neither a headspace nor a slurry, and the radiosulfur method for sulfate reduction agree within 25% (unpubl. data).
Control experiments-The potential leakage of methane from the sealed tubes was examined by two types of control experiments. In the first type, the centrifuge tubes were placed in a glove bag which was then filled with 99% methane (Airco). The tubes were sealed with butyl rubber septa, removed from the glove bag, and placed in a constant temperature incubator. We withdrew 0.2 ml from each tube with a gastight syringe and injected it directly into the gas chromatograph Table 1 .
The amount of methane remaining in methane-saturated water which had been sealed into centrifuge tubes was followed for several days in the second type of control experiment.
The methane-saturated water was prepared by bubbling 99.9% CH, gas through stirred deionized distilled water for 45 min. The saturated water was poured into 25-ml Corex centrifuge tubes and sealed with gray butyl rubber septa. The tubes were placed in 
Results
The control experiments showed that methane was not lost from the sealed Corex centrifuge tubes (Crill 1980) . The data from the methane gas control experiment were fit with a line by linear regression, and the slope of that line indicated a slight decline of 39 nmol CH,.d-I or a change of 0.4%-d-". Data from two methane-saturated water control experiments were combined and the same type of linear regression analysis illustrated an apparent increase in the methane concentration of was added to the slope it showed that the method could detect changes of 1.7% *d-l (1 a) when the methane concentration of the sample was near saturation.
Data from two typical incubation experiments are shown in Figs. 2 and 3 ; the rates of change in the concentrations of methane and sulfate for all experiments comprise Table 1 . The rates are calculated by fitting the data of the experiments with regression lines; the rates at a given depth are expressed as the slope of those lines. Some of the methane data were fit with two lines, as in the 7-IO-cm interval of the 2 August 1981 experiment (Fig. 2 , Table 2), when the errors of the regression coefficients were less for two lines than for one. The sulfate concentrations found at these depths (to 21 cm) were higher than those expected from the sulfate porewater data of Martens and Klump (1980 -1978 , Kipphut and Martens (1982 for 1979, or Chanton and @ill (unpubl. data) for 1981-1982. There was probably some smearing of sediment along the core barrel during extrusion and packing. H.orizontal variability in the sediment may also have contributed to some mixing of higher sulfate-containing sediment into methane-producing mud. The presence of sulfate and sulfate-reducing activity inhibited methane production in the centrifuge tubes. Only in the 7-lo-cm interval of 2 August 1981 and the 17-20-cm interval of 8 October 1979 were methane production rates measured at the same time that sulfate was being reduced (rate values > 2~). Figure 4 and Table 1 summarize the rates of sulfate reduction and net methane production vs. depth in the sediment during 10 rate experiments conducted during 1979-1981. Figure 4 shows sulfate reduction rates highest near the sediment-water interface and decreasing with depth in all experiments throughout the year. Sulfate reduction in the surface interval ranged from 0.16 to 0.92 mMol S0,2-*d-1 from midwinter to midsummer; rates below 20 cm during winter could not be detected Fig. 4) .
The February 1981, April 1981, and the earliest of the two May 1980 experiments were run before the bight began bubbling, the 9 November 1981 experiment after bubbling stopped for the winter. The samples for the 29 May 1980 experiment were collected on the day the bight was first noticed to bubble that year. As discussed above, bubbling occurred when net methane production rates were sufficient to supersaturate interstitial water and form bubbles within about 10 cm of the sediment-water interface. The bubbles were released during low tide. The rates vs. depth profile of the 9 November 1981 experiment (Fig. 4, Table 1 ) is typical of the prebubbling period which runs through winter to May.
May is a transition month during which the bight sediments switch rapidly to summer conditions. Net CH, production in- no significant methane production at shallower depths even though sulfate conccntrations approached zero and sulfate reduction rates decreased exponentially within 6 cm of the sediment surface.
In all the experiments there was no net methane production in the shallowest (l-5 cm) samples where the sulfate reduction rates were always largest (Table  1) . Net methane production at 7-10 cm in the 2 August 1981 experiment (Fig. 2,  Table 1 ) showed two distinct behaviors, one when sulfate was present and being reduced and the other after the sulfate concentration went to zero. In the 7-locm interval 0.070 (+O.OZl) mMo1 CH,* d-l was produced when 0.34 (kO.16) mMol SO,2-.d-l was being reduced. Net methane production became 0.226 (kO.036) mMo1 CH,.d-l once the sulfate was depleted. All three rates were larger than twice the uncertainty in the regression coefficients.
The deepest intervals where no sulfate was detected demonstrated a steady CH, production throughout the experiment. This inhibitory effect on methane production at middle depths (7-20 cm) was observed in all the summer experiments where sulfate reduction was present.
To estimate rates of whole sediment column net methane production, we integrated theoretical rate-depth curves for both the SOd2-reduction and the CH, production shown in Fig. 4 . The curves for CII, production were the same shape as the rate-depth curve for the 5 October 1980 experiment and were drawn on the assumption that the highest measured rate was the depth of the maximum CH, production rate for the particular experiments. The production rate was taken to decline to zero at a depth of 35 cm, and then the theoretical rate-depth curve was integrated to give net methane production for the whole sediment column. Three in-dependent lines of evidence based on previous work at station A-l supported the assumption of a 35-cm lower limit. Sansone and Martens (1981) reported a peak in the apparent CH, production from acetate at 15-20 cm which declined to near zero at 35 cm; Kipphut and Martens (1982) observed that the dissolved radioactive noble gas 222Rn was generally stripped from the sediments only between 8 and 35 cm by methane production and subsequent ebullition;
and Martens and Klump (unpubl.) observed that the organic carbon content of the sediment showed little change below 35-40 cm, indicating near completion of early diagenetic degradation processes. The integrated rates are listed in Table 2 .
Discussion
Depth distribution of sulfate reduction and methane production rates-The winter experiments were started when bubbling had stopped in the bight, presumably because of lowered rates of sedimentary methane production associated with lower temperatures (see Zeikus and Winfrey 1976). As mentioned above sulfate reduction was measured in all depth intervals to 20 cm during the experiments, and a slow but measurable net methane production was measured in the deepest intervals (Fig. 4) . Once the sediments warmed and bubbling began, CH, was always produced at depths ~18 cm.
Ten days after the 19 May 1980 experiment the bight had begun to bubble at low tide, sulfate at 18-21 cm had dropped to below the gravimetric method's detection limit of 0.2 mM SOd2-, and net methane production had increased > lo-fold at the same depth (Fig. 4, Table 1 ). The most striking features of the 29 May 1980 experiment are the very low rates of net methane production and sulfate reduction in the intermediate depths, below the near-surface maximum of sulfate reduction and above the very high net methane production.
This apparent gap in activities may bc due to anaerobic methane oxidation or perhaps to a nonsteady state response in which methane production has not kept pace with sulfate reduction after the temperature increase. Reeburgh (1980) and Iversen and Blackburn (1981) have reported direct measurements of methane oxidation in anoxic marine sediments. Murray et al. (1978) suggested that up to 75% of the sulfate reduction observed in anoxic Saanich Inlet sediments may be supported by anaerobic methane oxidation. In sediments of Kysing Fjord, lversen and Blackburn (1981) reported that only a very small percentage of reduced carbon for sulfate reduction is provided by methane. Methane oxidation should not be an important source of electrons in the presence of large amounts of acetate unless most of the acetate measured is unavailable to the sulfate reducers given the larger free energy of reaction (-11.4 kcal) for the oxidation of acetate with sulfate compared to the 4.1 kcal (from Thauer et al. 1977 ) evolved for similar methane oxidation.
As sulfate becomes more scarce, sulfatereducing bacteria could shift toward fermentation reactions producing acetate, C02, and H, from larger fatty acids and alcohols (see Mountford et al. 1980 ). The reducing equivalents from the oxidation of these last molecules by sulfate reducers or other organisms are transferred to methanogens as He, or perhaps some reduced organic compound, and should serve to stimulate methanogenesis at the same time that acetate builds up (as observed in Cape Lookout Bight sediments: Sansone and Martens 1982). Acetate concentrations reach a peak in late August to early September below the base of the sulfate reduction zone in the same depth intervals (lo-15 cm: Sansone and Martens 1982) as the maxima in methane production observed in August 1981 and October 1980 ' (Fig. 4, Table 1 ).
Dissolved SO,2-profiles (Klump and Martens 1981) indicated that sulfate concentrations went to below detectable levels at lo-12-cm depth in October of 1978, and Sansone and Martens (198.2) drew their 1 mM SOd2-isopleth at 16 cm for October 1979. It is therefore surprising to find high sulfate concentrations (>2.5 mMo1) in 18-21-cm samples from the October 1979 experiment.
The high sulfate in this case is possibly due to smearing and mixing of the sediment along the walls of the core tubes during coring and sectioning. Sulfate was not present below 10 cm at this time of year from 1976 to 1978 (Klump 1980; Bartlett 1981) . Unpublished data of Chanton and Crill for 1981 and 1982 show the 1 mM SOd2-isopleth to be at 12-16 cm in October. We found 1 mM SOd2-at 10 cm from mid-July to mid-August 1981 with the 1-mM isopleth dropping deeper after mid-August. Initial SO,2-concentrations, determined by extrapolating the sulfate reduction rates measured in this study back to time zero, agree in the 1981 experiments to within 10% of the sulfate concentrations determined in separate cores taken when the samples were gathered. Also the horizontal variability in the sediments may have caused mixing of higher sulfate mud with samples from a sulfate-poor zone. However, bight sediments are remarkably uniform in porewater composition over an area of about 1 km2 (see Bartlett 1981) .
In spring, when sediment temperatures rise, there is an initial burst of activity by the SOd2-reducers in the depths intermediate between the sulfate zone and the methane zone which rapidly depletes the concentrations of sulfate, and probably of hydrogen and metabolizable organic carbon substrates. When sulfate is depleted there is a rapid recovery of methane production capacity in the intermediate depths from 7 to 20 cm. It should be noted that the sediments at the depths where methane production commences are approximately a year old and so are not subjected to sudden changes in the amount or type of organic carbon. This suggests, in line with the observations of Cappenberg (1974) and Winfrey and Zeikus (1977) , that at these depths there are large enough numbers of methanogens to compete successfully with sulfate-reducing bacteria for available substrates so that they can maintain populations for at least brief periods. The actual interactions in the sediments are perhaps more complicated and the simultaneous occurrence of methane production and sulfate reduction may involve other organisms that can pro- an electron sink, causing a buildup of acetate and an increase in net methane production.
In Table 3 we compare the apparent CII, production rates from the [1,2-'Clacetate turnover experiments of Sansone and Martens (1982) with the CH, production measured at the same site during this study. The labeled acetate data overestimate the methane production in all but the October 1979 experiments. Taken at face value, the numbers indicate that most of the CH, production is derived from acetate. There is enough variation in the sediments to require caution in making direct comparisons from year to year. The samples for the October 1979 experiments were taken from the bight 3 days apart and represent late summer conditions in the sense that the bight is still bubbling at low tide, but they follow behind the summer's maximum methane flux activities (Fig. 5) by about l-2 months (Martens and Klump 1980). These previous flux results indicate that October methane production rates were slowing, and the data of Sansone and Martens (1982) show that total wet sediment acetate concentrations were falling. Their production rate from acetate of 0.204 + 0.55 hmol CH, . crnp3. d-l underestimates the measured net methane production from the present study by about 2O%, which indicates that a significant proportion of the methanogenesis may be derived from sources other than acetate. If anything, the CH, from labeled acetate should overestimate the true CH, production from acetate, because the production data are calculated with whole sediment acetate concentrations which are probably larger than the acetate pool sizes available for methanogenesis (Sansone and Martens 1981) . The rest, and possibly even most, of the methane is presumably produced from the reduction of CO, by hydrogen (Mah et al. 1977; Zeikus 1977) , which yields 32.4 kcal (Thauer et al. 1977) .
Thermodynamically it is unclear why methanogens would preferentially use acetate as a substrate since the free energy evolved upon the dissimilation of acetate to CO, and CH, is only 7.4 kcal, less than the 7.6-12 kcal required by a cell to phosphorylate ADP (Thauer et al. 1977 ). Yet Smith and Mah (1980) did report a species of Methanosarcina that can grow solely on acetate although long periods are required for cultures grown on CO,-II, to adapt to acetate utilization. There are other pressures on methanogenie bacteria to utilize CO, and H, rather than acetate in addition to the lower energy yield. In the sulfate reduction zone acetate can be used directly to reduce sulfate with a higher free energy yield (-Il.4 kcal 6 mol-l SOd2-: Th auer et al. 1977) than that gained from the splitting of acetate by methanogens, so they are less efficient and thus outcompeted, in thermodynamic terms, for acetate as well as for molecular hydrogen: such competition has been observed in lake sediments (Winfrey and Zeikus 1977) . Once sulfate is depleted there is a need in the sediment for an electron acceptor-a role that the reduction of CO, with H, can fill (Bryant et al. 1976 ) but production of CO, and CH, from acetate cannot. Methanogenesis as an electron sink would allow the coexistence of a sizable population of sulfate reducers which become hydrogen-donating organisms in zones of net methane production where sulfate has been depleted. The production of methane in the presence of SOd2-reduction at middepth intervals during the 9 October 1979 and 2 August 1981 experiments (Fig. 4, Table 1 ) and the rapid acceleration of net methane production upon the loss of sulfate seen in the intermediate depths of the summer experiments both suggest the intermingling of active populations of sulfate-reducing and methane-producing bacteria.
Depth-integrated methane production rates -The depth-integrated, whole sediment methane production rates listed in Table 2 are illustrated in Fig. 5 along with the total CH, flux measurements of Martens and Klump (1980) made at the same site. They measured methane flux rates from Cape Lookout Bight sediments to the overlying water via diffusion and low tide ebullition from 1976 through 1978. The estimates of net CH, production in Table  2 are very similar to the measured fluxes. Their winter experiments during the prebubbling period measured methane diffusive fluxes of about 50 prnol CH,. m-2. h-l, which is the same as the whole sediment CH, production estimate of the 19 May 1980 experiment. The summer flux data of Martens and Klump showed fluxes ranging from 100 prnol CH, * me'2. h-' in May to a peak of 2,600 in August. Net methane production measured in our study ranged from 48 pmol CH,~rn-~.h-' in May to 2,000 in August. The flux and the net production show similar seasonal distributions, with most of the activity in summer and a peak in August. The methane flux data are an important control of the incubation method. The data from the methane jar experiment all fall within the 30% margin of error that Martens and Klump (1980) assign to their data from the same site at the same time of year. There is apt to be more variability in the bubble flux in the bight since it can be affected by such physical processes as tidal height, wind direction, and presumably atmospheric pressure, whereas temperature is the principal physical control on the seasonal variations in methane production. This is reflected in the CH, production of the 30 August 1981 experiment which was started after a cooler than normal period. Regardless, the methane productions measured by the centrifuge tube incubation method in 1979, 1980, and 1981 
